ABSTRACT In order to study the synergistic effect of i-C 3 F 7 CN mixtures, were carried out the power frequency breakdown experiments on 5%-20% i-C 3 F 7 CN/CO 2 and i-C 3 F 7 CN/N 2 mixtures in uniform electric fields with pressures ranging from 0.1 to 0.7 MPa. Based on density functional theory (DFT), the configurations of single molecular and bimolecular complexes were established and optimized using the M06-2X-D3/6-311G(d, p) method. Also, the total energy, interaction energy, and bond energy of the molecules or complexes were obtained using M06-2X-D3/6-311+G(d, p) method. The experimental and computational results show that the power frequency breakdown fields of i-C 3 F 7 CN/CO 2 and i-C 3 F 7 CN/N 2 mixtures increase linearly with pressure. In the range of 0.1-0.2 MPa, the synergistic effect of the i-C 3 F 7 CN mixtures enhances as the i-C 3 F 7 CN proportion increases, and the synergistic effect of i-C 3 F 7 CN/CO 2 mixture is more significant than that of i-C 3 F 7 CN/N 2 mixture. The interaction energy between the complexes of i-C 3 F 7 CN. . . CO 2 is −7.36 kJ/mol, which is stronger than −3.09 kJ/mol of the complexes of i-C 3 F 7 CN. . . N 2 . The results show that there is a correlation between the synergistic effect of i-C 3 F 7 CN mixtures and the intermolecular interaction of i-C 3 F 7 CN bimolecular complexes. The synergistic effect of i-C 3 F 7 CN mixtures can be analyzed by calculating the interaction between i-C 3 F 7 CN and the molecular structure of buffer gases. INDEX TERMS Dielectric breakdown, i-C 3 F 7 CN mixture, synergistic effect, density functional theory, intermolecular interaction.
I. INTRODUCTION
SF 6 has been widely used in gas-insulated power equipment due to its excellent insulation strength, arc extinguishing performance, high thermal conductivity and chemical stability [1] , [2] . However, with increasing concerns on the global warming problem, it has become a global consensus to limit the emissions and use of SF 6 , which is the gas with strongest greenhouse effect [3] , [4] . Therefore, search for alternative gases has long been one of the major topics in power industry. Many scholars have made a lot of efforts in recent decades. So far, only SF 6 /N 2 , SF 6 /CF 4 and C 5 F 10 O/Air mixtures have been used in some high voltage equipment, others being still in the stage of laboratory investigations.
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In 2014, Alstom of France and 3M company of the United States jointly launched the environmental-friendly mixture of i-C 3 F 7 CN/CO 2 , and named the mixture with the mixing ratio of i-C 3 F 7 CN (3M TM Novec TM 4710 Dielectric Fluid) range 4% to 10% as g 3 [5] . i-C 3 F 7 CN gas insulation performance is about 2 times that of SF 6 . It's boiling point is −4.7 • C and saturated vapor pressure is quite high at 252 kPa (at 25 • C), whereas its global warming potential (GWP) is just 2100, which is about 1/10 of SF 6 . i-C 3 F 7 CN has attracted much attention since its launch. Owens reported comprehensively the physicochemical properties, thermal stability, toxicity and insulation properties of i-C 3 F 7 CN and its mixtures under uniform electric field [6] . Nechmi et al. studied the DC and lightning impulse breakdown characteristics of 3.7%, 6.8%, 20% i-C 3 F 7 CN/CO 2 mixtures under different pressures, mixing ratios, insulation utilization coefficients and voltage polarities [7] .
The effective ionization coefficients of i-C 3 F 7 CN/CO 2 mixtures in the range of 200-1 006 Td were also measured [8] . Zhao et al. combined the saturated vapor pressure characteristics of i-C 3 F 7 CN mixture to calculate the critical breakdown strength of i-C 3 F 7 CN/CO 2 mixture, and proposed the application schemes of i-C 3 F 7 CN/CO 2 mixtures under different operating temperatures [9] . Wang et al. studied the sensitivity of 4% i-C 3 F 7 CN/CO 2 mixture with free particles under DC electric field. The experimental results showed that the i-C 3 F 7 CN/CO 2 mixture was less sensitive to particulate discharge than the 30% SF 6 /N 2 mixture [10] . Wang et al. [11] and Tu et al. [12] studied the breakdown characteristics of 4%, 8% i-C 3 F 7 CN/CO 2 mixtures and 8%, 14%, 16% i-C 3 F 7 CN/N 2 mixtures under DC voltage, and analyzed the potential of the two i-C 3 F 7 CN mixtures to substitute SF 6 in DC GIL. Zhang et al. studied the power frequency breakdown characteristics of 5%∼20% i-C 3 F 7 CN/CO 2 mixture under different electric field uniformity. The experimental results indicated that the sensitivity of i-C 3 F 7 CN/CO 2 mixture under highly non-uniform electric field is higher than that of SF 6 [13] . Zhang et al. studied the insulation performance of 2%∼8% i-C 3 F 7 CN/CO 2 mixtures under quasi-uniform electric field at 0.1-0.3 MPa, and analyzed the impacts of mixing ratio and pressure on the insulation characteristics of i-C 3 F 7 CN/CO 2 mixtures [14] . The breakdown and partial discharge characteristics of i-C 3 F 7 CN/N 2 mixtures under highly non-uniform field were also tested, and discussed the engineering application potential of i-C 3 F 7 CN/N 2 mixtures [15] .
The above-mentioned research on the insulation characteristic of C 4 F 7 N mixtures under different electric field distributions, applied voltages and discharge conditions has achieved some results. However, most of the studies focused on i-C 3 F 7 CN/CO 2 mixture, and few scholars paid attention to the synergistic characteristics of i-C 3 F 7 CN mixed with CO 2 or other buffer gases. Generally, since the dielectric strength each gas changes in a unique way with the change of pressure, the dielectric strength of a binary mixture will deviate from the weighted average electric strength as obtained from the weighting on partial pressure percentage of the two gas components. According to the extent of deviations, it can be divided into positive synergistic effect, synergistic effect, negative synergistic effect and linear relationship [16] . The synergistic effect is one of the key references for selecting suitable buffer gases. In practical applications, it is desirable to find mixtures with positive synergistic or stronger synergistic effect.
This paper presents the studies on the power frequency (AC, 50Hz) synergistic effect of the mixture of i-C 3 F 7 CN/CO 2 and i-C 3 F 7 CN/N 2 under uniform electric field, and the calculated intermolecular interaction of i-C 3 F 7 CN bimolecular complex configuration and the bond energy changes of i-C 3 F 7 CN molecule structure based on the density functional method. The difference of synergistic effect between i-C 3 F 7 CN/CO 2 and i-C 3 F 7 CN/N 2 mixtures at the micro level is also analyzed. The method for qualitatively describing or characterizing synergistic effects without relying on gas collision cross sections is also explored.
II. EXPERIMENTS A. TEST PLATFORM
The power frequency breakdown test circuit is shown in Fig. 1 . The rated input voltage, capacity and the maximum output voltage of the test transformer are 220 V, 10 kVA and 100 kV respectively. The protection resistance is 50 k , and the ratio of the capacitance divider is 1000:1 (the breakdown voltage of 20%i-C 3 F 7 CN/CO 2 mixture at high pressure is measured by a test transformer with a maximum output voltage of 250 kV, the matching protective resistance is 10 k ). The capacitive divider and voltmeter were calibrated by The Metrology Institute, Wuhan, China, and the measurement error is less than 1%.
The chamber used for the breakdown test is shown in Fig. 2 . The volume of chamber is about 8 L. It mainly consists of an epoxy resin insulating cylinder with quartz glass window, the tungsten-copper electrodes which were arranged in the cylinder, stainless steel base and filling/intake port, etc. The bottom of the insulating cylinder is connected with a spiral micrometer, of which the precision is 0.01 mm, to adjust the distance between electrodes. In this paper, the synergistic effect of i-C 3 F 7 CN/CO 2 and i-C 3 F 7 CN/N 2 mixtures under uniform electric fields were studied with plate-plate electrodes whose diameter, thickness and radius at the edge are 50 mm, 10 mm and 5 mm, respectively.
Before the tests, the interior of discharge chamber was cleaned and the electrodes were polished so as to eliminate conductive particles or other solid impurities remaining in the chamber and on the electrodes surface, thus minimizing the errors of test results. At the same time, the chamber air tightness of positive and negative pressure was checked, and tests can only be carried out when the air tightness was guaranteed. The chamber was purged three times before filling component gas of the mixtures, in order to remove residual moisture and other gaseous impurities. The gas mixtures were inflated into the chamber following Dalton's law of partial pressure. For a binary i-C 3 F 7 CN mixture with a given gas pressure and mixing ratio, firstly, we inflate i-C 3 F 7 CN gas to the particular pressure determined in advance, before inflating CO 2 or N 2 gas to the target pressure. According to the above principles, for 20%i-C 3 F 7 CN/CO 2 mixture with pressure of 0.7 MPa, pure i-C 3 F 7 CN gas of 0.14 MPa is filled into the evacuated chamber first, and then CO 2 gas of 0.56 MPa is filled into the chamber. After completion, the total pressure of mixture in the chamber is 0.7 MPa. Hence, the mixing ratio or mole fraction k of i-C 3 F 7 CN in the i-C 3 F 7 CN/CO 2 mixture is 20%. To ensure the mixed uniformity, the experiments were not carried out until 12 h later.
The step-by-step voltage boosting method was used to do the breakdown tests. First, a test was conducted to obtain the breakdown voltage U b0 , and the subsequent tests were based on U b0 . During the test, the applied voltage was rapidly boosted to 0.75U b0 , then boosted at the speed of 2%-3% U b0 /s until the gap breakdown. The average value of the breakdown voltage was obtained from 5 groups of valid data (the valid data in this paper is defined as the relative square deviation of the continuous 5 groups of tests within 3%). Considering the insulation recovery performance of mixtures, the interval of subsequent two tests was 5 minutes.
III. TEST RESULTS AND DISCUSSIONS
The test objects were pure i-C 3 F 7 CN, CO 2 , N 2 and i-C 3 F 7 CN/CO 2 , i-C 3 F 7 CN/N 2 mixtures. At 25 • C, the saturated vapor pressure of pure i-C 3 F 7 CN was about 0.25 MPa at 1 atmosphere, that is, pure i-C 3 F 7 CN can guarantee to remain gaseous only when it is less than 0.25 MPa, so the pure i-C 3 F 7 CN test pressure was selected as 0.1 and 0.2 MPa. For other pure gases and mixtures, the test pressure was 0.1-0.7 MPa. The electric field distribution was a uniform electric field formed by plate-plate electrodes. The distance between the electrodes was fixed at 2.5 mm.
The relationship between the power frequency breakdown fields of i-C 3 F 7 CN/CO 2 and i-C 3 F 7 CN/N 2 mixtures and the mixing ratio k which is the partial pressure percentage of i-C 3 F 7 CN in mixtures at different pressures is shown in Fig. 3 . In the range of 0.1-0.7 MPa, the breakdown fields of i-C 3 F 7 CN/CO 2 and i-C 3 F 7 CN/N 2 mixtures containing 5%-20% i-C 3 F 7 CN increased linearly with the mixing ratio k, i.e., the higher pressure, the faster growth rate of the mixtures breakdown field. When the mixing ratio k increased from 0 to 20%, the breakdown fields of the two mixtures increased nonlinearly, showing synergistic effect. This phenomenon is analyzed in detail in the following sections.
The insulation performance of pure N 2 under uniform electric field is better than pure CO 2 under pressures of 0.1-0.7 MPa. However, when adding the same proportion (5%-20%) of i-C 3 F 7 CN gas to CO 2 and N 2 respectively, the breakdown field of i-C 3 F 7 CN/CO 2 mixture is higher than i-C 3 F 7 CN/N 2 mixture. The breakdown field of pure i-C 3 F 7 CN gas at 0.1 MPa is 22.14 kV · mm −1 , at 0.2 MPa is 34.52 kV · mm −1 . At test ambient temperature 20 • C, due to that the liquefaction of pure i-C 3 F 7 CN occurs when the pressure in the sealed test chamber exceeds 0.25 MPa, only the breakdown field deviations at 0.1 MPa and 0.2 MPa are analyzed particularly in this paper. The results are shown in Fig. 4 , where, the dotted lines in the figures represent the linear weighted average values of the breakdown fields of i-C 3 F 7 CN and CO 2 or N 2 . The formula for calculating the E w is as follows:
where E w represents the linear weighted value based on the weighting of partial pressure percentage of each component gas in i-C 3 F 7 CN mixture. E i-C 3 F 7 CN is the breakdown field of pure i-C 3 F 7 CN, and E x is the breakdown field of buffer gas CO 2 or N 2 . Fig.4 indicates that, for both of the i-C 3 F 7 CN mixtures, their dielectric strengths are greater than the weighted average of the two gas components, showing synergistic effect.
According to the normalization coefficient h proposed by Guo et al. [17] , the synergistic effect of i-C 3 F 7 CN mixtures are described quantitatively. The definitions of h are as follows:
where U A and U B represent the breakdown voltage of pure gas A and B respectively, assuming U A > U B ; U m is the breakdown voltage of their mixture; k is the mixing ratio or the partial pressure of A. The essence of normalization coefficient h is to quantify the degree of synergistic effect by quantifying how the non-linearity of the dielectric strength of the mixtures vary with the mixing ratio. When h > 0, it means that the dielectric strength of the mixture is higher than linear weighted average values, showing (positive) synergistic effect. And the greater absolute value of h, the stronger (positive) synergistic effect.
The normalized coefficient h, the degree of power frequency breakdown fields deviates from linearity of i-C 3 F 7 CN/CO 2 and i-C 3 F 7 CN/N 2 mixtures with 0-20% i-C 3 F 7 CN, were calculated using (2) . The results are shown in Table 1 .
The coefficient h of i-C 3 F 7 CN/CO 2 or i-C 3 F 7 CN/N 2 mixtures exhibit the same variation tendency with the increase of pressure or proportion of i-C 3 F 7 CN within 0.1-0.2 MPa. At the same pressure, the coefficient h increases with the i-C 3 F 7 CN mixing ratio k; and at the same mixing ratio k of i-C 3 F 7 CN, the coefficient h increases with pressure.
Under the same pressure, the coefficient h of i-C 3 F 7 CN/CO 2 mixtures at 5%, 7%, 9%, 13% and 20% ratios are higher than that of i-C 3 F 7 CN/N 2 mixtures. With the same i-C 3 F 7 CN mixing ratio k, the coefficient h of the i-C 3 F 7 CN/CO 2 mixtures in the range of 0.1-0.2 MPa are also higher than i-C 3 F 7 CN/N 2 mixtures. Experimental and analytical results show that the breakdown fields of i-C 3 F 7 CN/CO 2 mixtures deviating from the weighted average value of two component gases are greater than i-C 3 F 7 CN/N 2 mixtures.
Adding CO 2 or N 2 to i-C 3 F 7 CN provides the mixtures with synergistic effect, and the synergistic effect of i-C 3 F 7 CN mixtures varies with different buffer gases. The paper explores the reasons why this difference exists. Since the molecular structure determines the different properties of the molecule, the interaction between two different molecules are studied at the micro-molecular level by combining the theory of quantum chemistry. And the synergistic effect of two mixtures are qualitatively analyzed according to the calculation results.
IV. THEORETICAL ANALYSIS A. DENSITY FUNCTIONAL METHOD
The quantum chemistry calculation presented in this paper is based on the density functional theory [18] proposed by Hohenberg and Kohn. Due to the double hybrid functional M06-2X performs well in calculation of energy, it is superior to the Hartree-Fork method and the commonly used B3LYP hybrid functional [19] . Therefore, the M06-2X combined with 3 split valence group 6-311G [20] which add appropriate diffusion and polarization functions are selected for the calculations. In order to fully consider the dispersion effect, the DFT-D3 correction is added. This step does not increase the computational cost, but can improve the calculation result of M06-2X to a certain extent [21] .
1) MOLECULE STRUCTURE OPTIMIZATION, VERIFICATION AND TOTAL ENERGY CALCULATION
The initial single molecule structure model of i-C 3 F 7 CN, CO 2 or N 2 is established by Gaussian09 [22] . The initial configuration of molecules are optimized and the vibration frequency of optimized equilibrium structures are verified at a level of M06-2X-D3/6-311G(d, p). If the structure of molecule does not have the imaginary frequency, it indicates that the molecule stable structure has been obtained. M06-2X-D3/6-311+G(d, p) method is used to calculate the total energy of the molecules. Configuration optimization, frequency verification and energy calculation are performed using default convergence criteria.
2) CALCULATION OF INTERMOLECULAR INTERACTION ENERGY
In order to predict the binding modes and spatial configurations between the two molecules, the van der Waals surface (the equivalent surface of electron density ρ = 0.001 a.u.) [23] electrostatic potential of the optimized single molecule structure is analyzed by the quantum chemical wave function analysis program Multiwfn [24] . The configurations of the bimolecular complex are optimized and the frequency validated at the M06-2X-D3/6-311G(d, p) calculation level, and their total energy is calculated at the M06-2X-D3/6-311+G(d, p) level, The correction energy E BSSE [25] is obtained by carrying out basic set superposition error (BSSE) with the counterpoise method proposed by Boys and Bernardi [26] . The formula for calculating the interaction energy is as follows:
where E interaction (hereinafter referred to as E int ) is the interaction energy of the bimolecular complex formed by molecule A and B. E A , E B are the total energy of A and B respectively, and E BSSE is the basis set superposition error correction energy.
3) CALCULATION OF BOND ENERGY
The bond energy of molecular structures in the complex configurations and the total energy of molecular fragments are calculated at the M06-2X-D3/6-311+G(d, p) level. Noted that bond energy is calculated without re-optimizing the molecular fragments or molecular structures formed after chemical bond breaking. The bond energy can be calculated by (4) as follows:
where E bond is bond energy of one chemical bond of A molecule, E a1 and E a2 are the two fragments produced by the breaking of corresponding chemical bond respectively, and E A represents the total energy of A molecule.
B. CALCULATION RESULTS AND ANALYSIS 1) MOLECULAR STABLE STRUCTURE AND ENERGY
The geometric structures of i-C 3 F 7 CN, CO 2 and N 2 molecular optimized and verified by frequency calculation at the calculation level of M06-2X-D3/6-311G(d, p), without imaginary frequencies, are shown in Fig. 5 . The calculation results of chemical bond energy E bond , bond length l and total energy E of the three molecular structures are listed in Table 2 . The bond energy of different types of chemical bonds in i-C 3 F 7 CN differ greatly. The lowest bond energy is 1C-2C bond formed by the connection between 2C carbon and fluoromethyl · CF 3 . The bond is most easily broken under discharge and overheating conditions, resulting VOLUME 7, 2019 in various small molecular decomposition products containing fluoromethyl ·CF 3 , such as CF 4 , C 2 F 6 , C 3 F 8 , CF 3 CN, C 2 F 5 CN et al [27] - [30] . And their dielectric strength is lower than i-C 3 F 7 CN [31] . Therefore, the breaking of the weakest chemical bond to produce free radicals or other substances may affect the insulation performance of i-C 3 F 7 CN mixtures under long-term discharge conditions.
2) EXTREME DISTRIBUTION OF ELECTROSTATIC POTENTIAL ON VAN DER WAALS SURFACE
The results of van der Waals surface electrostatic potential analysis using Multiwfn program and plotted by molecular visualization program VMD [32] for the optimized i-C 3 F 7 CN, CO 2 and N 2 molecular structures are shown in Fig. 6 . The red dot and blue dot are the local maximum and minimum values on the potential energy surface, respectively. The labeled values are the maximum or minimum electrostatic potential energy on the global van der Waals surface of the molecule, and the unit of electrostatic potential energy is kJ/mol. The three-dimensional coordinates of each extreme points can be obtained in the Multiwfn program.
The global minimum or maximum of the electrostatic potential of i-C 3 F 7 CN is distributed near the symmetric axis of the molecule. Whereas the distribution characteristics of the extreme values of CO 2 and N 2 are comparatively similar, there are ring-like distributive maximum values with small numerical difference in the middle section of the molecules, and the minimum values are distributed on the molecular axis. There are two most likely patterns for two molecules to bind, i.e., the most positive/negative position (maximum/minimum) of the van der Waals surface of the i-C 3 F 7 CN molecule binds to the most negative/positive position (minimum/maximum) of the CO 2 or N 2 van der Waals surface, respectively.
3) CONFIGURATION OF BIMOLECULAR COMPLEXES
The bimolecular configurations generated by the two binding modes are optimized at the M06-2X-D3/6-311G (d, p) level. In order to assess the stability configuration of the local potential energy in the lowest level and ensure that no imaginary frequency appears, the analysis of the imaginary vibration modes of all complexes is necessary. The stable configurations with maximum interaction energy and no imaginary frequency for one specific binding mode are shown in Fig. 7 . Where, the dotted red line measures the spatial distance of two atoms in the complex, which unit is Å. The dotted green line represents the dihedral angles of the four atoms connected by the lines.
4) RELATIONSHIP BETWEEN INTERMOLECULAR INTERACTION AND SYNERGISTIC EFFECT OF I-C 3 F 7 CN MIXTURES
M06-2X-D3/6-311+G(d, p) method is used for calculating the energy of four complex configurations, and to obtain the intermolecular interaction energy with BSSE correction. The results are shown in Table 3 . According to (2) which is for calculation of the interaction energy, the ''−'' before the interaction energy indicates that the two molecules release energy after compounding, so the more negative the numerical value, the more energy released, the stronger the interaction force between the two molecules.
The calculation results of interaction demonstrate that the interaction energy of the bimolecular complex configurations formed by i-C 3 F 7 CN and CO 2 are greater than that of the bimolecular complex configurations formed by i-C 3 F 7 CN and N 2 under the same binding mode.
Next, configurations 2-i-C 3 F 7 CN(+). . .CO 2 (−) and 4-i-C 3 F 7 CN(+). . .N 2 (−) with the same binding mode are selected for further analysis. The point of penetration is the influence of the two complex configurations on the weakest 1C-2C bond energy in the structure of i-C 3 F 7 CN molecule. The variation of bond length and bond energy of 1C-2C in configuration 2 and 4 of i-C 3 F 7 CN molecule are calculated as shown in Table 4 .
Due to the interaction between the two molecules, the energy of weakest chemical bond 1C-2C in i-C 3 F 7 CN structure is strengthened in the bimolecular structure of i-C 3 F 7 CN with CO 2 or N 2 , which increase 8.57 kJ/mol and 2.96 kJ/mol, respectively. It makes up for the ''short slab'' in i-C 3 F 7 CN molecular structure, thus the breakdown fields of i-C 3 F 7 CN/CO 2 and i-C 3 F 7 CN/N 2 mixtures show synergistic effect. With the increase of the proportion of i-C 3 F 7 CN in mixtures, more i-C 3 F 7 CN molecules can combine with CO 2 or N 2 to release more energy, which makes the configurations of bimolecular complexes more stable, resulting in the quantization coefficient h of synergistic effect increasing. As the mixture pressure in the enclosed chamber rises, the number density of i-C 3 F 7 CN molecule increases, which is conducive to the recombination of i-C 3 F 7 CN with buffer gases molecules, leading to the same effect of increasing the volume fraction of i-C 3 F 7 CN in the mixture, and increasing the coefficient h and enhancing the synergistic effect.
The bond energy of N ≡ N triple bond in N 2 molecule is higher than that of C = O double bond structure of CO 2 , which is more difficult to ionize than that of CO 2 under the same discharge conditions. Therefore, the power frequency insulation strength of N 2 is higher than CO 2 . However, the insulation characteristics of the two buffer gases are changed after mixing with i-C 3 F 7 CN. Because the bond energy of the weakest chemical bond in molecule structure of i-C 3 F 7 CN is enhanced by the interaction in i-C 3 F 7 CN. . .CO 2 and i-C 3 F 7 CN. . .N 2 , it may make the main insulating gas i-C 3 F 7 CN in mixtures more difficult to ionize, thus enhancing the insulation strength of the mixtures and showing synergistic effect. Moreover, as the interaction between the molecules of i-C 3 F 7 CN. . .CO 2 becomes stronger, the weakest chemical bond energy in the structure of i-C 3 F 7 CN can be enhanced more. The synergistic effect of the mixture of i-C 3 F 7 CN/CO 2 is more significant than that of the mixture of i-C 3 F 7 CN/N 2 .
V. CONCLUSIONS
This study tested the dielectric strength of i-C 3 F 7 CN/CO 2 and i-C 3 F 7 CN/N 2 mixtures containing 0-20% of i-C 3 F 7 CN. It was found that the breakdown characteristics of the two kinds of i-C 3 F 7 CN mixtures show synergistic effect. The synergistic effect of i-C 3 F 7 CN mixture under 0.1 MPa and 0.2 MPa is quantitatively analyzed, and the relationship between synergistic effect of i-C 3 F 7 CN mixture and intermolecular interaction is studied by quantum chemical calculation. The conclusions are as follows:
(1) The power frequency breakdown fields of i-C 3 F 7 CN/CO 2 and i-C 3 F 7 CN/N 2 mixtures show synergistic effect under pressures ranging from 0.1 MPa to 0.7 MPa. And i-C 3 F 7 CN/CO 2 mixture with 5%-20% of i-C 3 F 7 CN breakdown fields are higher than that of i-C 3 F 7 CN/N 2 mixture with the same proportion of i-C 3 F 7 CN, though the power frequency breakdown field of pure N 2 under uniform electric field is stronger than that of pure CO 2 .
(2) At 0.1∼0.2 MPa, i-C 3 F 7 CN/CO 2 and i-C 3 F 7 CN/N 2 mixtures with 5%-20% volume fraction of i-C 3 F 7 CN synergistic effect are strengthened as the increase of pressure and mixing ratio k at power frequency voltage. And synergistic effect of i-C 3 F 7 CN/CO 2 mixture is stronger than that of i-C 3 F 7 CN/N 2 mixture. Thus, the mixture of i-C 3 F 7 CN and CO 2 can obtain higher dielectric strength than those mixed with N 2 and lower i-C 3 F 7 CN content, which makes the i-C 3 F 7 CN/CO 2 mixture better in environmental protection, economy and wider application range of operating environment temperature due to reducing the consumption of i-C 3 F 7 CN.
(3) For the three molecule structures of i-C 3 F 7 CN, CO 2 and N 2 , the interaction energy between i-C 3 F 7 CN and CO 2 bimolecular complexes is greater than that between i-C 3 F 7 CN and N 2 bimolecular complexes, which contributes to the enhancement of the weakest chemical bond energy in the molecular structure of i-C 3 F 7 CN, and makes the breakdown fields of i-C 3 F 7 CN/CO 2 mixtures stronger than that of i-C 3 F 7 CN/N 2 mixtures, thus showing a stronger synergistic effect. The synergistic effect of i-C 3 F 7 CN/CO 2 and i-C 3 F 7 CN/N 2 mixtures has a certain correlation with the intermolecular interaction between two molecules in the mixed gases. Also. the synergistic effect can be qualitatively examined by the intermolecular interaction energy independing on the various cross sections of the gases.
In this paper, the interaction between only two molecules is considered, but the actual experimental conditions are more complex. Further work will be based on molecular dynamics simulation, taking into account the effects of electric field, temperature, pressure and mixing ratio, so as to quantitatively predict the synergistic effect of i-C 3 F 7 CN mixtures. 
